Background: Benzene, an established cause of acute myeloid leukemia (AML), may also cause one or more lymphoid malignancies in humans. Previously, we identified genes and pathways associated with exposure to high (> 10 ppm) levels of benzene through transcriptomic analyses of blood cells from a small number of occupationally exposed workers. oBjectives: The goals of this study were to identify potential biomarkers of benzene exposure and/or early effects and to elucidate mechanisms relevant to risk of hematotoxicity, leukemia, and lymphoid malignancy in occupationally exposed individuals, many of whom were exposed to benzene levels < 1 ppm, the current U.S. occupational standard. Methods: We analyzed global gene expression in the peripheral blood mononuclear cells of 125 workers exposed to benzene levels ranging from < 1 ppm to > 10 ppm. Study design and analysis with a mixed-effects model minimized potential confounding and experimental variability. results: We observed highly significant widespread perturbation of gene expression at all exposure levels. The AML pathway was among the pathways most significantly associated with benzene exposure. Immune response pathways were associated with most exposure levels, potentially providing biological plausibility for an association between lymphoma and benzene exposure. We identified a 16-gene expression signature associated with all levels of benzene exposure. conclusions: Our findings suggest that chronic benzene exposure, even at levels below the current U.S. occupational standard, perturbs many genes, biological processes, and pathways. These findings expand our understanding of the mechanisms by which benzene may induce hematotoxicity, leukemia, and lymphoma and reveal relevant potential biomarkers associated with a range of exposures. key words: benzene, biomarker, human, microarray, transcriptomics. Environ Health Perspect 119:628-634 (2011).
Benzene is an established cause of acute myeloid leukemia (AML) and myelo dysplastic syndromes, and is a probable cause of lympho cytic malignancies (Baan et al. 2009; Vlaanderen et al. 2010) , including non-Hodgkin lymphoma (NHL) in humans, as recently reviewed by Smith (2010) . Benzene is also hemato toxic, even at relatively low levels of exposure ). Possible mechanisms under lying these pathologies include the generation of free radicals leading to oxidative stress, immune system dysfunction, and decreased immune surveillance (Smith 2010) . Studies of global gene expression in the bone marrow of very highly exposed mice have revealed additional potential mechanisms of benzene toxicity (Faiola et al. 2004; Yoon et al. 2003) , but their rele vance to risk in occupationally exposed individuals is uncertain. Toxicogenomic studies of exposed human populations are an important alternative approach to the human health risk assessment of environmental exposures. Such studies that have examined environ mental exposures have identified potential biomarkers of early effects and revealed potential mechanisms under lying associated diseases (McHale et al. 2010) . However, these studies have been of limited size, have mainly addressed high levels of exposure, and have often lacked precise, individual estimates of exposure. Further, such studies are limited by confounding effects and laboratory variation, especially at low doses.
We previously compared global gene expression in the peripheral blood mononuclear cell (PBMC) fractions of six to eight pairs of unexposed controls and workers exposed to high levels of benzene (> 10 ppm) and identified potential biomarkers of exposure and mechanisms of toxicity (Forrest et al. 2005; McHale et al. 2009 ). We chose PBMCs because they are widely used in human toxicogenomic studies. As an extension of these earlier studies, here we sought to identify potential gene expression biomarkers of exposure and early effects, as well as mechanisms of toxicity, in 125 individuals occupationally exposed to a range of benzene levels, including < 1 ppm, the current U.S. occupational standard (Occupational Safety and Health Administration 1987) . In the cross-sectional molecular epidemiological study population, which includes the 125 individuals analyzed here, we previously found that white blood cell counts were decreased in workers exposed to < 1 ppm benzene compared with controls and that a highly significant dose-response relationship was present , with no apparent threshold within the occupational exposure range (0.2-75 ppm benzene) . We employed a rigorous study design that included randomization of samples across experimental variables, incorporation of precise individual measurements of exposure, and analysis with a mixed-effects model, with the aim of removing sources of biological and experimental variability (nuisance variability).
Materials and Methods
Study subjects and exposure assessment. All subjects were from a molecular epidemiology study of occupational exposure to benzene that comprised 250 benzene-exposed shoe manufacturing workers and 140 unexposed age-and sex-matched controls who worked in three clothes-manufacturing factories in the same region near Tianjin, China Vermeulen et al. 2004 ). This study complied with all applicable requirements of U.S. and Chinese regulations, including institutional review board approval. Participation was voluntary, and written informed consent was obtained.
Exposure assessment to benzene was performed as described previously . For this study, we categorized exposure groups using mean individual air benzene measurements obtained during the 3 months preceding phlebotomy. A subgroup of subjects was selected from each benzene exposure cate gory as follows: 13 workers with very high exposure (> 10 ppm), 11 workers with high exposure (5-10 ppm), 30 workers with low exposure (< 1 ppm; average < 1 ppm), and 29 workers with very low exposure (<< 1 ppm; average < 1 ppm, with most individual measurements < 1 ppm) ( Table 1) . We previously reported that urinary benzene and mean individual air levels of benzene were strongly correlated (Spearman r = 0.88, p < 0.0001) in the epidemiological study population . Among the individuals with occupational exposure to benzene in the present study for which urinary benzene levels were available (n = 82), a similar correlation was noted (Spearman r = 0.76, p < 0.0001). A group of 42 unexposed controls were frequency matched to the exposed subjects on the basis of age and sex. Mean age (± SD) was 29.5 ± 8.7 years for the 83 exposed workers and 29.5 ± 8.2 years for the controls. Biological sample collection was described previously (Forrest et al. 2005; Vermeulen et al. 2004 ). We transferred field-stabilized samples on dry ice. We isolated RNAs using the mirVana miRNA (microRNA) isolation kit (Applied Biosystems, Austin, TX, USA), stored them in aliquots at -80°C, and thawed them immediately before micro array analysis. All RNA samples analyzed had absorbance ratios for A 260 :A 280 and A 260 :A 230 between 1.7 and 2.1, and we confirmed integrity by the presence of sharp 28S and 18S rRNA bands and a ratio of 28S:18S intensity of approximately 2:1 after denaturing gel electro phoresis.
Microarray study design and analysis. We randomized samples, and thus exposure groups, across labeling and hybridization reactions and across chips as uniformly as possible [see Supplemental Material, Table 1 (doi:10. 1289/ ehp.1002546)]. Technical replicates (n = 19), randomly chosen from among the 125 study subject samples, were included in the study to assess variability in the labeling, hybridization, and chip steps of the micro array procedure. We labeled samples (200 ng) in batches of 24 using the Illumina RNA Amplification kit (Ambion, Austin, TX, USA) and hybridized them to Illumina HumanRef-8 V2 BeadChips in batches of 32 (four chips) following the manufacturer's protocol. All sample processing was performed in a blinded manner.
Data analysis. We conducted variance components analysis using a linear mixed model (Laird and Ware 1982) to assess the proportion of total variation due to variation between subjects, hybridizations, labels, and chips, both before and after normalization [quantile normalization in the affy package (Gautier et al. 2004) in R (R Development Core Team 2010)]. For each probe, we estimated the association between exposure level and expression level using a mixed-effects model with random intercepts that accounted for clustering by subject, hybridization, and label. The fixed effects in our model, in addition to benzene exposure level, included sex (1 = male, 0 = female), current smoking status (1 = yes, 0 = no), and age (in years, linear term) as potential confounders of associations between gene expression and benzene exposure. We fitted the mixed-effects model in R with the lmer function in the lme4 package (Bates and Maechler 2010) . We identified differentially expressed probes as those with a statistically significant log-fold change (based on likelihood ratio tests). We computed p-values adjusted for multiple testing by controlling the false discovery rate (FDR) with the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995) , using the multtest package in R. These values are FDR-adjusted p-values and were considered significant if they were ≤ 0.05, the traditional experiment-wise type I error rate. The raw data discussed here have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (Edgar et al. 2002) and are accessible through the GEO database (accession number GSE21862; NCBI 2002).
Pathway analysis. We imported microarray probe IDs into Pathway Studio software (Ariadne Genomics, Rockville, MD, USA), and queried the ResNet 7.0 database (Ariadne Genomics) for interactions among genes and gene products derived from the current litera ture (Nikitin et al. 2003) . We also used a method known as "structurally enhanced pathway enrichment analysis" (SEPEA_NT3) (Thomas et al. 2009 ), which incorporates the associated network information of KEGG (Kyoto Encyclopedia of Genes and Genomes) biochemical pathways (Kanehisa and Goto 2000; Kyoto Encyclopedia of Genes and Genomes 2000) . KEGG pathways are manually drawn pathway maps representing current knowledge on the molecular interaction and reaction networks involved in cellular processes such as metabolism and the cell cycle.
Gene Ontology (GO) analysis. The GO project (The Gene Ontology Consortium 2000) provides an ontology of defined terms representing gene product properties in the domains, cellular components, molecular functions, and biological processes. GO has a hierarchical structure that forms a directed acyclic graph in which each term has defined relationships to one or more other terms in the same domain, which can be described as parent-child relationships. Every GO term is represented by a node in this graph, and the nodes are annotated with a set of genes. We used TopGO (topology-based GO scoring; Bioconductor 2010) to calculate the significance of biological terms from gene expression data taking the GO structure into account (Alexa et al. 2006) . We used the "elim" algorithm, which differs from standard GO analyses in that it eliminates genes from parent nodes that are members of "significant" child nodes. The elim score is the p-value returned by Fisher's exact test, and a node is marked as significant if the p-value is smaller than a previously defined threshold (Alexa et al. 2006) . Typically this threshold is set to be 0.01 divided by the number of nodes in the GO graph with at least one annotated gene. This corresponds to a Bonferroni adjustment of the p-values. The most highly significant nodes thus derived are denoted as key nodes.
Both TopGO and SEPEA_NT3 have limitations (Barry et al. 2005; Nettleton et al. 2008) . They assume independence between expressions of the genes, violation of which can lead to greater false positives than allowed by the nominal threshold set. These methods were chosen over more computationally intensive permutation-based subject sampling approaches.
Hierarchical clustering. We performed simple supervised clustering based on complete linkage (Murtagh 1985) in order to make heat maps [hierarchical agglomerative clustering with complete linkage; implemented (14) 1 (4) 10 (10) Very high (> 10) 13 24.7 ± 15.7 5176.9 ± 1326.8 30.9 ± 10.5 6 (12) 7 (9) 5 (19) 8 (8) WBC, white blood cell. Values for air benzene, WBC count, and age are mean ± SD. a Air benzene level in the 3 months preceding phlebotomy. b The limit of detection for benzene was 0.04 ppm . c The average level of benzene was < 1 ppm and dosimetry levels were < 1 ppm at most measurements in the 3 months preceding phlebotomy and at all measurements in the prior month. d The average level of benzene was < 1 ppm (in the 3 months preceding phlebotomy) but dosimetry levels were not always < 1 ppm in the previous 3 months. (Gentleman et al. 2004) ]. Input data consisted of the four columns of log 2 -adjusted ratios (the coefficients from the linear mixed-effects models adjusted for both random and fixed effects). This provides clusters driven by average responses within dose groups rather than by potential confounding within groups.
Results

Application of a mixedeffects model to analyze gene expression.
We applied a mixed model (variance components analysis) to assess the proportion of total variation due to variation among subjects, hybridizations, labels, and chips, among the randomly selected withinsubject replicates (n = 19). Plotting the distribution of the contribution of variance across all probes after normalization revealed that the greatest source of variation was between subjects and was therefore consistent with biological causes (Figure 1 ). We also found substantial variation between labeling reactions. Therefore, for each probe, we estimated the association between exposure level and expression level using a mixed-effects model with (crossed) random intercepts that account for clustering by subject and by label (Laird and Ware 1982) . Because the study design included randomization of samples-and thus exposures-across labeling reactions, an inferential procedure was necessary that allowed the existence of non nested sources of correlation (labeling and subject). Thus, we used mixed models with so-called crossed random effects (Fitzmaurice et al. 2004) , with the goal of providing more trustworthy inference than procedures that would have ignored, for instance, the variability caused by the labeling.
(Many micro array studies are not designed to partition out the sources of variability and thus, if such sources are important, could provide misleading inference. In addition, it is often assumed that normalization will eliminate these sources of variability, but this assumption cannot be verified unless the study design allows for partitioning of the variance.)
In the model, we also adjusted, as simple fixed effects, for biological variation in expression associated with differences in sex, age, and smoking status. Figure 1 and Tables 5-8 (doi:10.1289/ehp.1002546)]. We identified several GO processes implicated in Figure 1 . Distribution of the intraclass correlation coefficients (the proportion of variability estimated to come from each source on a probe-by-probe basis) calculated by variance components analysis based on a mixed-effects model allowing assessment of independent contributions of variability from chip, hybridization, label, and biological (subject), as well as residual variability. the overall analysis as key nodes across three to four dose categories, including immune response, apoptosis, and ATP synthesiscoupled proton transport [ Table 2 ; for complete data, see Supplemental Material, Table 9 ). Similarly, multiple pathways found to be highly significant in the overall analysis (p ≤ 0.005), including Toll-like receptor signaling, oxidative phosphorylation, B-cell receptor signaling, apoptosis, AML, and T-cell receptor signaling, were enriched among the differentially expressed genes associated with three (including the very low dose category) or four exposure categories [ Table 3 ; for complete data, see Supplemental Material, Table 10 (doi:10.1289/ehp.1002546)].
Twelve genes were up-regulated ≥ 1.5-fold at all four doses relative to unexposed controls, including five genes [PTX3 (pentraxin-related gene), CD44 (CD44 antigen), PTGS2 (prostaglandin-endoperoxide synthase 2), IL1A (interleukin 1, alpha), and SERPINB2 (serpin peptidase inhibitor, clade B, member 2) with FDR-adjusted p-values ≤ 0.005. An additional four genes were up-regulated > 1.5-fold at the top three doses, and > 1.3-fold at the lowest dose (Table 4) . Expression of each of the 16 signature genes across the five exposure cate gories shows a distinct pattern, with the highest expression in the < 1-ppm (low) exposure group [see Supplemental Material, Figure 2 (doi:10.1289/ehp.1002546)]. The 16 genes are involved in immune response, inflammatory response, cell adhesion, cellmatrix adhesion, and blood coagulation (see Supplemental Material, Table 11 ). Ten of the 16 genes (or their products), 7 of which are involved in inflammatory response (p = 1.4E-12), form a network (Figure 2 ) with central roles for IL1A and PTGS2. Dosespecific effects. We used supervised hierarchical clustering to generate a heat map to allow visualization of patterns of gene expression across exposure categories. One group of genes (~ 100) exhibited reduced expression (ratios < 1) with increasing dose rela tive to controls, whereas a second group (~ 100) appeared to be elevated at all doses but more so at lowdose exposure (Figure 3) .
We also observed dose-dependent effects on biological processes and pathways. For example, nucleosome assembly [see Supplemental Material, Table 10 ) appeared to be deregulated only at the very high exposure level. Among 78 genes that were highly significantly (FDR p-value ≤ 0.05) associated with a ≥ 1.5-fold increase in expression in the very high exposure group, and not significantly altered at any of the other exposure categories relative to controls, a network involving 19 genes (or their products) was apparent, in which v-src sarcoma viral oncogene homolog (SRC) and matrix metallo peptidase 9 (MMP9) play central roles (see Supplemental Material, Figure 3 ). Among 29 genes significantly altered only at low-dose benzene exposure, Figure 4) . Together, these data suggest that benzene induces dose-dependent effects, with the caveat that differences in power among the different exposure categories may have influenced the resulting significant gene lists.
Discussion
Technical variation is often ignored in human toxico genomic studies, leading to potential bias in differential expression arising from correlation with technical variation. In the present study, we applied a rigorous study design to assess sources of both potential confounding and experimental variability (nuisance variation) and analyzed the data using statistical techniques that incorporate nonnested sources of variation (i.e., those not eliminated by normalization) and that return estimates of least variability with accurate inference (linear mixed-effects models). This approach increased the power to detect associations between benzene exposure and gene expression, even at low-dose exposure levels.
More genes remained significantly up-or down-regulated compared with controls after multiple test correction in the present study than in an earlier study examining samples from eight pairs of exposed workers and unexposed controls on the Illumina platform (McHale et al. 2009 ), likely because of the increased number of individuals and the rigorous approach to study design. Nonetheless, we identified 247 genes in both study populations using the Illumina platform. Of 488 significant genes cross-validated on both Illumina and Affymetrix platforms (McHale et al. 2009 ), 147 genes were significant in the present study. ZNF331 (zinc finger protein 331), significant after multiple test correction in individuals occupationally exposed to benzene at levels > 10 ppm compared with controls in two earlier studies (Forrest et al. 2005; McHale et al. 2009 ), was significantly up-regulated at both < 1 ppm and > 10 ppm in the present study.
The finding that genes in the AML pathway were strongly associated with multiple exposure levels of benzene provides support for our approach because epidemiological studies have established that benzene causes AML (Baan et al. 2009; Smith 2010) . However, such disease associations must be treated cautiously because the KEGG pathway information, on which the pathway analyses were based, is limited for AML, and a KEGG pathway for NHL has not been defined. Information about altered molecular and cellular processes can provide biological plausibility for probable disease associations. Immune response, previously found to be associated with > 10 ppm benzene exposure in our earlier transcriptomic study of eight high-exposed control pairs (McHale et al. 2009 ), was one of the major processes significantly altered across multiple exposure levels in the present study, involving both innate (Tolllike receptor signaling) and adaptive (B-cell receptor signaling and T-cell receptor signaling pathway) responses. Additionally, we found central roles for the pro inflammatory cytokines IFNG and TNF among genes uniquely altered . Dose-dependent effects on gene expression. A heat map illustrates simple hierarchical clustering of the differentially expressed 3,007 probes (FDR-adjusted p-value < 0.05) based on the mixed model described in "Materials and Methods." The clustering was done on the four log 2 expression ratios (derived as coefficients returned from the mixed model) all relative to controls. The color key relates to the log 2 ratios observed. Clustering of genes was based on complete linkage (for algorithmic details of algorithms used, see Murtagh 1985) , as implemented in the hclust function in R, called by the heatmap.2 function available with the gplots library in Bioconductor (Gentleman et al. 2004) . Note that the clustering is based on Euclidean distance. at low-dose exposure in the present study. A single nucleotide polymorphism in TNF-α was previously associated with susceptibility to bone marrow dysplasia in chronic benzene poisoning (Lv et al. 2007 ). Further, genetic variation in TNF (Rothman et al. 2006 ), Toll-like receptor genes (Purdue et al. 2009 ), and IFNG (Colt et al. 2009 ) has previously been associated with NHL risk. Deregulation of pathways involving these genes through sustained alterations in expression provides biological plausibility for the association of benzene with lymphoid neoplasms.
Findings from the present study are consistent with previous reports of adverse effects of benzene on oxidative stress (Kolachana et al. 1993 ) and mitochondria (Inayat-Hussain and Ross 2005) . Here, we found highly significant associations with ATP synthesis-coupled proton transport and oxidative phosphorylation at all levels of benzene exposure relative to unexposed controls. Expression of super oxide dismutase (SOD), a mitochondrial defense against reactive oxygen species, was up-regulated in the present study by 50-100% relative to controls. HMOX1 [heme oxygenase (decycling) 1], an antioxidant and suppressor of TNF-α signaling ), was down-regulated in the low-dose benzene exposure group. Increased mitochondrial membrane permeability potential induced by benzene metabolites (InayatHussain and Ross 2005) can lead to the initiation of apoptosis. Indeed, apoptosis was associated with all benzene doses in the present study, consistent with our earlier observation of an association with high-dose benzene exposure (> 10 ppm) (McHale et al. 2009 ).
Previously, we found that chromatin assembly was significantly altered after highdose benzene exposure (McHale et al. 2009 ). The finding that nucleo some assembly (a GO category nested within chromatin assembly) was over represented in the highest exposure category in the present study confirms and clarifies this potential mechanism of benzeneassociated leukemia.
Although significant involvement of the p53 response pathway was previously found in mice exposed to very high levels of benzene (Faiola et al. 2004; Yoon et al. 2003 ), we did not find such involvement in the present study or in our earlier studies, and the immune and inflammatory effects we found here in humans were not recapitulated in the mouse microarray studies (Faiola et al. 2004; Yoon et al. 2003 ). These differences suggest that human toxico genomic studies may be more relevant than animal studies, although differences in exposure levels, tissues examined, and uncontrolled confounding in the human study could also be contributing factors.
Our findings suggest two novel hypotheses regarding benzene toxicity. Glycosylphosphatidyl inositol (GPI)-anchor biosynthesis was associated with all doses of benzene exposure in the present study. The GPI anchor is a C-terminal post translational modification that anchors the modified protein in the outer leaflet of the cell membrane and putatively plays roles in lipid raft partitioning, signal transduction, and cellular communication (Paulick and Bertozzi 2008) . Because epigenetic silencing of genes involved in GPI-anchor biosynthesis may be important in human disease, including lymphomas (Hu et al. 2009 ), further investigation of its role in benzene-associated disease is warranted.
ABC transporters were associated highly significantly with only the highest (> 10 ppm) benzene dose. In addition to their capacity to extrude cytotoxic drugs, ABC transporters are known to play important roles in the develop ment, differentiation, and maturation of immune cells and are involved in migration of immune effector cells to sites of inflammation (van de Ven et al. 2009 ).
Our findings also suggest a potential gene expression signature of benzene exposure. In particular, IL1A and PTGS2 played central roles in the interaction network charac terizing the gene expression signature associated with benzene in this study. Both molecules are produced by activated macrophages and other cells in inflammatory responses. A single nucleotide polymorphism that increases IL1A mRNA expression has been inversely associated with granulocyte count in benzeneexposed individuals ). Overexpression of PTGS2, which occurs frequently in pre malignant and malignant neoplasms, including hematological malignancies (Bernard et al. 2008) , together with over expression of the prostaglandin cascade, leads to carcino genesis through a progressive series of highly specific cellular and molecular changes (Harris 2009 ).
The expression pattern of the signature genes suggests a non linear response to benzene. Other biomarkers evaluated in populations exposed to benzene have shown similar patterns, including hemato toxicity , benzene metabo lism (Kim et al. 2006) , and the generation of protein adducts (Rappaport et al. 2002 (Rappaport et al. , 2005 . Further characterization of the expression levels of these genes across a range of benzene exposures in a larger, independent study is necessary to determine the applicability of the signature genes as biomarkers of early effects and to explore more formally the shape of the dose-response curve.
Conclusion
We have identified gene expression bio markers of early effects across a range of benzene exposures. Our findings support previously reported mechanisms rele vant to adverse effects of benzene and suggest potential novel mechanisms for benzene toxicity. Future work should include validation of the potential biomarkers and determining whether the gene expression changes are effected through epigenetic processes such as DNA methylation (Bollati et al. 2007 ) and miRNA expression.
